Introduction
============

Acute myeloid leukemia (AML) is a hematopoietic malignancy characterized by the accumulation of clonal myeloid precursor in the bone marrow ([@b1-ol-0-0-7177]). Despite improvements in chemotherapy and the development of novel drugs, the prognosis for most AML subtypes remains poor ([@b1-ol-0-0-7177]). It is well recognized that abnormalities in the immune system are involved in the pathogenesis of AML ([@b2-ol-0-0-7177]). Previous studies have demonstrated that aberrant T-helper cells (Th) are involved in in AML progress. It has been established that the innate immune response is closely associated with the adaptive immune response; however, research regarding the innate immune response in AML pathogenesis is limited ([@b3-ol-0-0-7177]).

The activation of the innate immune response requires the recognition of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) by pattern recognition receptors (PRRs) ([@b4-ol-0-0-7177]). The nucleotide-binding and oligomerization domain-like receptor (NLR) family are typical PRRs. Inflammasomes are essential for the activation of the innate immune response. In recent decades, the NLR family pyrin domain-containing 3 (NLRP3) inflammasome has attracted attention as it may be activated by both PAMPs and DAMPs ([@b5-ol-0-0-7177]). The NLRP3 inflammasome includes three main components: The sensor protein, NLRP3, the adaptor protein, apoptosis-associated speck-like protein (ASC), and pro-caspase-1. To activate the NLRP3 inflammasome, there are two steps ([@b5-ol-0-0-7177]). The first step involves the recognition of PAMPs and DAMPs by NLRP3. Nuclear factor κB (NF-κB) is activated, resulting in the increased transcription of inflammasome-associated molecules, including inactive NLRP3, pro-interleukin (IL)-18 and pro-IL-1β ([@b6-ol-0-0-7177]). The second step is the formation of a molecular platform; NLRP3 recruits ASC and interacts with pro-caspase-1 ([@b7-ol-0-0-7177]). This induces the cleavage of pro-caspase-1 to its active form, caspase-1; in turn, caspase-1 cleaves pro-IL-1β and pro-IL-18 to their biologically active forms, IL-1β and IL-18. The NLRP3 inflammasome has been demonstrated to be involved in the pathogenesis of numerous diseases, including diabetes, chronic kidney disease and coronary heart disease ([@b7-ol-0-0-7177]). At present, to the best of our knowledge, no study has focused on the role of the NLRP3 inflammasome in AML.

Accumulating evidence indicates that imbalanced Th subset proportions are involved in the pathogenesis of a number of types of tumor, including hematological malignancies; however, the specific role of Th subsets in tumor pathogenesis is under debate. Th22 is a recently identified cluster of differentiation (CD)4+ Th subset, which only secretes IL-22, and does not secrete IL-17 or interferon (IFN)-γ. Past research has demonstrated that IL-22 is involved in the pathogenesis of many diseases, including inflammatory autoimmune disease ([@b8-ol-0-0-7177]--[@b11-ol-0-0-7177]) and hematological diseases, including myelodysplastic syndrome, immune thrombocytopenia (ITP) and acute lymphoblastic leukemia ([@b12-ol-0-0-7177]--[@b14-ol-0-0-7177]). A study by Lucas *et al* suggested that imbalanced Th22 and Th1 subset proportions serve important roles in the development of AML; however, the mechanism for this remains ambiguous ([@b2-ol-0-0-7177]).

Goergens *et al* observed that aryl hydrocarbon receptor (AHR) may be involved in the development of AML ([@b15-ol-0-0-7177]). It has also been suggested that AHR serves a pivotal role in the regulation of the immune response, particularly in Th subset differentiation ([@b16-ol-0-0-7177]). It has been previously demonstrated that AHR negatively regulates NLRP3 inflammasome activation by inhibiting the transcription of NLRP3, as summarized in a review by Huai ([@b17-ol-0-0-7177]).

It has been established that NLRP3 inflammasome and the associated cytokines, IL-1β and −18, modulate the adaptive immune response via the regulation of Th subset differentiation. Gris *et al* demonstrated that the production of IFN-γ in NLRP3^−/−^ mice was decreased, suggesting that the NLRP3 inflammasome may be associated with the differentiation of the Th1 subset ([@b18-ol-0-0-7177]).

The present study aimed to investigate the NLRP3 inflammasome, and the associated cytokines IL-1β and −18, in the development of AML, identify statistical correlations between the NLRP3 inflammasome and Th subsets in the peripheral blood (PB) and bone marrow (BM) microenvironments, and explore their clinical relevance.

Materials and methods
=====================

### Patients and controls

A total of 90 newly-diagnosed (ND) patients with AML (42 females and 48 males; age range, 15--75 years; median age, 49 years) and 79 patients exhibiting complete remission (CR) from AML (31 females and 48 males; age range, 15--75 years; median age, 37 years) were included in the study. AML was diagnosed according to the French-American-British classification system ([@b19-ol-0-0-7177]) and CR was defined using the Word Health Organization Classification ([@b20-ol-0-0-7177]). Patients that exhibited hypertension, cardiovascular diseases, infection, connective tissue diseases or autoimmune diseases were excluded from the study. A total of 28 healthy controls were included in the study. Bone marrow mononuclear cells (BMMCs) and peripheral blood mononuclear cells (PBMCs) were isolated from the patients with AML and controls. In CR patients, leukemic cells can only marginally be detected ([@b20-ol-0-0-7177]). Therefore, BMMCs of ND patients were used to represent leukemic cells, whereas BMMCs of the CR patients or controls were used to represent normal cells. Enrollment in the study was between September 2014 and September 2015 at the Qilu Hospital of Shandong University (Jinan, China). Detailed clinical features of the patients with AML and the control group are described in [Table I](#tI-ol-0-0-7177){ref-type="table"}. The present study received approval from the Medical Ethics Committee of the Qilu Hospital of Shandong University. All the patients provided informed consent prior to inclusion in the study.

### Flow cytometric analysis

Intracellular cytokines were detected by flow cytometry to identify the cytokine-producing cells. Briefly, heparinized peripheral whole blood (100 µl) with an equal volume of RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), including 25 ng/ml of phorbol myristate acetate (PMA), 1 µg/ml of ionomycin and 1.7 µg/ml monensin (Alexis Biochemicals, San Diego, CA, USA), was incubated for 4 h at 37°C with 5% CO~2~. PMA and ionomycin are T cell-activating pharmaceuticals that mimic signals generated by the T-cell receptor complex and may stimulate T cells of any antigen specificity. Monensin was used to block intracellular transport mechanisms and led to an accumulation of cytokines in the cells.

All antibodies were purchased from eBioscience, Inc. (San Diego, CA, USA). After incubation, 100 µl incubated blood was placed in each tube, the cells were stained with PE-Cy5-conjugated anti-CD3 monoclonal antibody (^\#^300420) and anti-CD8 monoclonal antibody (^\#^344714) (both from BioLegend, Inc., San Diego, CA, USA) at room temperature in the dark for 20 min. Then, 100 µl reagent A (Fixation) was placed in each tube and incubated at room temperature in the dark for 15 min. Following this, 3 ml PBS was placed in each tube and centrifugated at 1,000 × g for 5 min at 25°C, to wash the cells. A total of 100 µl reagent B (Permeabilisation) was put in each tube with FITC-conjugated anti-IFN-γ (cat no. 502506), PE-anti-human IL-17A (cat no. 512306) (both from BioLegend, Inc.) and APC-conjugated anti-IL-22 monoclonal antibodies (cat no. 50-7229-42; eBioscience, Inc.) in a total of 100 µl buffe. Fixation and permeabilisation reagents were purchased from Caltag; Invitrogen; Thermo Fisher Scientific, Inc., and used according to the manufacturer\'s protocol. The cells were then stained at room temperature in the dark for 20 min. Subsequent to this, 500 µl PBS was placed in each tube and centrifugated at 1,000 × g for 5 min at 25°C, to wash the cells again.

Isotype controls (mouse IgG1κ) were used to enable the correct compensation and confirm antibody specificity. Stained cells were analyzed by flow cytometric analysis using a Beckman gallios cytometer (Beckman Coulter, Brea, CA, USA). For analysis, CD3+CD8- lymphocytes were gated, then the proportion of Th22 (CD3+CD8-IL-17-IFNr-IL-22+) and Th1 (CD3+CD8-IFN-γ+) cells in CD3+CD8- lymphocytes was analyzed.

### ELISA of IL-18

BM and PB plasma were collected from ND and CR patients with AML and normal controls and stored at −80°C immediately after centrifugation (1,000 × g for 5 min at 25°C). The plasma was used for the detection of NLRP3-related cytokines. The level of IL-18 in each group was determined using the ELISA method, according to the manufacturer\'s protocol (lower detection limit 78 pg/ml; eBioscience, Inc.).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted with TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Total RNA (\~1 µg) from each sample was used to synthesize complementary (c)DNA with the PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). The RT reaction was performed at 37°C for 15 min, followed by 85°C for 5 sec. Quantitative PCR was conducted using an LC480II Real-Time PCR system (Roche Diagnostics, Basel, Switzerland) in accordance with the manufacturer\'s protocol. For amplification, an initial denaturation step at 95°C for 5 min was followed by 40 cycles at 95°C for 15 sec, 60°C for 15 sec and 72°C for 40 sec. The qPCR reaction contained, in a final volume of 10 µl, 5 µl of 2X SYBR-Green Real-Time PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan), 1 µl of cDNA, 3.2 µl of ddH~2~O, and 0.4 µl of the forward and reverse primers. The sequences for all primers are described in [Table II](#tII-ol-0-0-7177){ref-type="table"}. All experiments were conducted in triplicate. The PCR products were analyzed by melt curve analysis and agarose gel electrophoresis to determine product size and to confirm that no by-products were formed. The results were expressed relative to the number of β-actin transcripts, an internal control. Relative gene expression level was calculated using the 2^−ΔΔCq^ method ([@b21-ol-0-0-7177]).

### Statistical analysis

Results were expressed as the mean ± standard deviation, or median (range). The statistical significance of differences in Th cells (including Th1 as well as Th22 in PB) and IL-18 (levels in PB plasma) were determined by ANOVA. The differences in the levels of NLRP3 inflammasome molecules (NLRP3, ASC, caspase-1, IL-18 and IL-1β) and the transcription factor AHR were determined using the Kruskal-Wallis Test. The differences between two groups were determined by the Mann-Whitney U test, unless data were normally distributed, in which case a T-test was used. The Pearson or Spearman correlation test was used for correlation analysis, depending on the data distribution. All tests were performed with SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### NLRP3 inflammasome molecules were aberrantly expressed in patients with AML

NLRP3 inflammasome is a multiprotein complex, which includes NLRP3, ASC and caspase-1. The expression of these proteins was detected in BMMCs and PBMCs with RT-qPCR. In the BM microenvironment, the expression of NLRP3 was significantly higher in the ND AML group (median, 0.0023; range, 0.00029--0.0084) than in the CR AML group (median, 0.00088; range, 0.00049--0.0019; P\<0.001; [Fig. 1A](#f1-ol-0-0-7177){ref-type="fig"}). The data revealed that the expression of ASC was elevated in the ND group (median 0.0051, range 0.0014--0.017) compared with the CR group (median, 0.0037; range, 0.0015--0.012; P=0.011; [Fig. 1B](#f1-ol-0-0-7177){ref-type="fig"}). No statistical significance was found between the expression of caspase-1 in the ND group (median, 0.0088; range, 0.00089--0.045) and the CR group (median, 0.0085; range, 0.0049--0.023; P=0.457; [Fig. 1C](#f1-ol-0-0-7177){ref-type="fig"}).

In the PB microenvironment, the expression of ASC was elevated in the ND group (median 0.0037, range 0.00081--0.026) compared with the CR group (median 0.0029, range 0.00039--0.0066; P=0.002) or the normal control group (median 0.0027, range 0.0014--0.0045; P=0.002) ([Fig. 1D](#f1-ol-0-0-7177){ref-type="fig"}), consistent with the results from BMMCs. There was no significant difference of NLRP3 expression between ND patients (median 0.0016, range 0.00014--0.015), CR patients (median 0.0017, range 0.00018--0.019) and the control group (median 0.0017, range 0.00064--0.0036; [Fig. 1E](#f1-ol-0-0-7177){ref-type="fig"}). However, caspase-1 level in ND patients (median 0.011, range 0.00098--0.072) was decreased relative to the CR group (median 0.018, range 0.0060--0.041; P\<0.001) and control group (median 0.020, range 0.011--0.037; P\<0.001) ([Fig. 1F](#f1-ol-0-0-7177){ref-type="fig"}).

### NLRP3 effector cytokines (IL-1β and IL-18) were abnormal in patients with AML

IL-1β and IL-18 are the main effector cytokines of the NLRP3 inflammasome. In the BM microenvironment of patients with AML, IL-18 mRNA expression was significantly increased in the ND group (median 0.019, range 0.0034--0.079) relative to the CR group (median 0.0058, range 0.00038--0.014; P\<0.001; [Fig. 2A](#f2-ol-0-0-7177){ref-type="fig"}). IL-1β mRNA level was also marginally elevated in the ND patients (median 0.0079, range 0.00018--0.075) compared with the CR patients (median 0.0049, range 0.00090--0.028; P=0.116; [Fig. 2B](#f2-ol-0-0-7177){ref-type="fig"}).

In PB, the relative mRNA level of IL-18 in the ND group (median 0.017, range 0.00104--0.078) was significantly higher than in the CR group (median 0.0022, range 0.00030--0.0063; P\<0.001) and controls (median 0.0023, range 0.00113--0.0042; P\<0.001; [Fig. 2C](#f2-ol-0-0-7177){ref-type="fig"}). IL-1β mRNA expression was increased in the ND group (median 0.0095, range 0.00012--0.11) and CR group (median 0.0090, range 0.00051--0.33) compared with the control group (median 0.0060, range 0.0009--0.011), although no statistical significance was identified ([Fig. 2D](#f2-ol-0-0-7177){ref-type="fig"}). No significant difference in IL-1β level was found between the ND and CR groups.

ELISA was used to detect the level of IL-18 protein level in PB plasma. IL-18 was identified as significantly increased in ND patients (444.717±219.420 pg/ml) compared with the CR patients (272.284±81.776 pg/ml; P=0.002) and controls (207.296±98.827 pg/ml; P\<0.001). IL-18 serum protein in CR patients was also increased relative to the control group (P=0.034; [Fig. 2E](#f2-ol-0-0-7177){ref-type="fig"}).

### Relationships between NLRP3 inflammasome molecules and effector cytokines

To improve the understanding of the NLRP3 inflammasome, correlations between the relative expression level of NLRP3 inflammasome molecules and effector cytokines were investigated. The resulting data indicated that, in PBMCs, the expression levels of NLRP3 inflammasome molecules and effector cytokines were positively correlated in ND patients ([Fig. 3A](#f3-ol-0-0-7177){ref-type="fig"}). NLRP3 level was positively correlated with ASC (r=0.424, P\<0.001), caspase-1 (r=0.327, P=0.002), IL-1β (r=0.244, P=0.021), and IL-18 (r=0.241, P=0.022) level. ASC level was positively correlated with caspase-1 (r=0.306, P=0.003), IL-1β (r=0.211, P=0.046), and IL-18 (r=0.382, P\<0.001) level. Caspase-1 level was positively correlated with IL-1β (r=0.384, P\<0.001) and IL-18 (r=0.300, P=0.004) level. As for effector cytokines, IL-1β level showed positive correlation with IL-18 level (r=0.548, P\<0.001). The correlations between the level of NLRP3 inflammasome molecules and effector cytokines in CR patients varied from in ND patients ([Fig. 3B](#f3-ol-0-0-7177){ref-type="fig"}). The level of NLRP3 was positively correlated with ASC (r=0.329, P=0.003), caspase-1 (r=0.256 P=0.023) IL-1β (r=0.441, P\<0.001) levels. The level of ASC was positively correlated with caspase-1 (r=0.357, P=0.001) and IL-18 (r=0.223, P=0.048) levels. No statistically significant correlation was identified between other molecules. In the controls ([Fig. 3C](#f3-ol-0-0-7177){ref-type="fig"}), the only positive correlation identified was between NLRP3 and ASC (r=0.648, P\<0.001) expression level.

In BMMCs, it was identified that the expression level of NLRP3 molecules were positively correlated with each other. In ND patients, the level of NLRP3 was identified as positively correlated with ASC (r=0.531, P\<0.001) and caspase-1 (r=0.504, P=0.001) level, and ASC level was positively correlated with caspase-1 level (r=0.504, P=0.001; [Fig. 3D](#f3-ol-0-0-7177){ref-type="fig"}). As for correlations between NLRP3 molecules and effector cytokines, the level of IL-18 was positively correlated with ASC level (r=0.473, P=0.003). IL-1β and Il-18 levels were positively correlated with caspase-1 level (r=0.360, P=0.03; r=0.356, P=0.03, respectively). IL-1β level was also identified to be positively correlated with IL-18 level (r=0.460, P=0.004). In CR patients ([Fig. 3E](#f3-ol-0-0-7177){ref-type="fig"}) the only positive correlation identified was between ASC and caspase-1 expression levels (r=0.554, P=0.004).

### Imbalanced Th cells in patients with AML

The results of the present study demonstrated immune deregulation in the PB of patients with AML. The frequency of Th22 was increased in ND patients (1.16±0.37%) relative to CR patients (0.79±0.26%; P=0.001) and controls (0.635±0.27%; P\<0.001; [Fig. 4A](#f4-ol-0-0-7177){ref-type="fig"}). Although the proportion of Th1 cells was reduced in ND patients (15.38±7.259%) compared with the CR group (16.98±3.69%) and controls (19.12±4.48%; [Fig. 4B](#f4-ol-0-0-7177){ref-type="fig"}), no statistical significance was identified.

### Imbalanced AHR in patients with AML

AHR is associated with the differentiation of Th subsets, particularly Th17 cells. The present study identified that no significant difference in AHR expression level was found between the PBMCs of the ND patients (median, 0.0148; range, 0.000131--0.0733), CR patients (median, 0.0184; range, 0.00167--0.0483) and controls (median, 0.0189; range, 0.00912--0.0380; [Fig. 4C](#f4-ol-0-0-7177){ref-type="fig"}). In BMMCs, it was identified that AHR was markedly elevated in ND patients (median, 0.0129; range, 0.00025--0.0652) compared with CR patients (median, 0.0040; range, 0.00119--0.00989; P=0.013; [Fig. 4D](#f4-ol-0-0-7177){ref-type="fig"}).

### Associations between NLRP3-related and Th-related molecules

The data indicated that there were positive correlations between NLRP3 inflammasome and Th subsets in BMMCs. In ND patients, it was identified that NLRP3 (r=0.463, P=0.003), caspase-1 (r=0.7144, P\<0.001) or IL-1β (r=0.571, P\<0.001) were positively correlated with AHR ([Fig. 5A](#f5-ol-0-0-7177){ref-type="fig"}). In CR group, caspase-1 (r=0.432, P=0.031) and IL-1β (r=0.451, P=0.024) demonstrated positive correlation with AHR ([Fig. 5B](#f5-ol-0-0-7177){ref-type="fig"}).

In PBMCs, it was identified that the expression levels of NLRP3 (r=0.409, P\<0.001), ASC (r=0.319, P=0.002), caspase-1 (r=0.568, P\<0.001), IL-18 (r=0.415, P\<0.001) and IL-1β (r=0.465, P\<0.001) had positive correlations with the expression level of AHR in ND patients ([Fig. 5C](#f5-ol-0-0-7177){ref-type="fig"}). In CR patients ([Fig. 5D](#f5-ol-0-0-7177){ref-type="fig"}), it was also identified that the levels of inflammasome molecules and effector cytokines were positively correlated with AHR. In controls, it was observed that AHR was negatively correlated with caspase-1 (r=−0.425, P=0.024; [Fig. 5E](#f5-ol-0-0-7177){ref-type="fig"}).

### Correlation of NLRP3 inflammasome protein mRNA levels with clinicopathological characteristics of patients with AML

Correlations between clinicopathological characteristics and NLRP3 inflammasome protein expression levels were investigated. The data indicated that IL-18 expression level was negatively correlated with the level of serum albumin (r=−0.508, P\<0.001; [Fig. 6A](#f6-ol-0-0-7177){ref-type="fig"}) and positively correlated with lactate dehydrogenase (r=0.609, P\<0.001; [Fig. 6B](#f6-ol-0-0-7177){ref-type="fig"}) in all patients including ND and CR patients. The association between NLRP3 inflammasome molecules and white blood cell (WBC) count in ND patients with AML was additionally assessed. Significant positive correlations between NLRP3 inflammasome molecule expression level (NLRP3, ASC, IL-1β, and IL-18) and WBC count (r=0.296, P=0.005; r=0.219, P=0.038; r=0.321, P=0.002; r=0.358 P=0.001; respectively; [Fig. 6C-F](#f6-ol-0-0-7177){ref-type="fig"}) were identified. AHR expression level was also positively correlated with WBC count in ND patients (r=0.257, P=0.015; [Fig. 6G](#f6-ol-0-0-7177){ref-type="fig"}).

### Chemotherapy recovered the aberrant expression of IL-18 and caspase-1 in the PBMCs of patients with AML

To further the understanding of the influence of chemotherapy on the immune system in AML, the complete treatment process of 28 patients with AML (PBMCs were obtained from 28/90 patients, including ND and CR patients) who obtained CR subsequent to standard induction chemotherapy was observed. It was identified that the expression of IL-18 in PBMCs was significantly decreased once the patients achieved CR (P\<0.001; [Fig. 7A](#f7-ol-0-0-7177){ref-type="fig"}). In the majority of ND patients (out of the 28 patients that PBMCs were obtained from), the expression of Caspase-1 was observed to be elevated after achieving CR (P=0.004; [Fig. 7B](#f7-ol-0-0-7177){ref-type="fig"}).

Discussion
==========

The importance of the immune system in AML is well recognized. Previous studies have suggested that Th1 and Th22 cells are involved in the development of AML ([@b1-ol-0-0-7177],[@b2-ol-0-0-7177]). Although the contribution of the NLRP3 inflammasome has been widely studied in many diseases, the specific role of the NLRP3 inflammasome in tumorigenesis is poorly understood. In the present study, it was demonstrated that the expression levels of NLRP3 molecules were significantly increased in BMMCs from ND patients compared with CR patients and that this was accompanied with elevated AHR. Aberrant levels of NLRP3 inflammasome molecules were also identified in PBMCs from ND patients. The results suggested that in patients with AML, the expression level of AHR was closely correlated with the expression of proteins from the NLRP3 inflammasome in BMMCs and PBMCs. Furthermore, abnormal proportions of Th subsets were identified in patients with AML, which was consistent with a previous study ([@b1-ol-0-0-7177]). Taken together, the data demonstrated that aberrant NLRP3 inflammasome and AHR expression were associated with the development of AML, and may contribute to the imbalance of Th subsets. The results indicated that an abnormal immune response was associated with the pathogenesis of AML.

The NLRP3 inflammasome is involved in autoimmune and inflammatory diseases, including ITP, multiple sclerosis, primary glomerular diseases and rheumatoid arthritis (RA) ([@b22-ol-0-0-7177]). The NLRP3 inflammasome was also previously demonstrated to serve an important role in metabolic diseases, including type II diabetes, gout and coronary artery disease ([@b23-ol-0-0-7177]). Currently, accumulating evidence indicates that the NLRP3 inflammasome is involved in the pathogenesis of tumors, the NLRP3 inflammasome correlated with the generation of tumor by regulating immune system; however, the effect of the NLRP3 inflammasome and associated cytokines on tumor development remains unclear ([@b24-ol-0-0-7177]). Numerous studies showed that the NLRP3 inflammasome and its associated cytokines served a tumor-suppressive role in the development of cancer, whereas other findings have shown that NLRP3 inflammasome facilitated tumorigenesis ([@b25-ol-0-0-7177],[@b26-ol-0-0-7177]). In hepatocellular cancer (HCC), Wei *et al* demonstrated that patients with low expression levels of NLRP3 inflammasome components had a worse prognosis ([@b27-ol-0-0-7177]). Contradicting this, Terlizzi *et al* argued that patients with cancer with increased serum concentrations of IL-18 and IL-1β had a reduced disease-free survival time ([@b28-ol-0-0-7177]). The present study demonstrated that the NLRP3 inflammasome and associated cytokines were aberrantly expressed in ND patients with AML, which may be associated with the development of AML.

In the present study, the mRNA of the inflammasome molecules NLRP3, ASC and IL-18 was significantly increased in the BMMCs of ND patients compared with CR patients. Furthermore, in the ND group, the expression levels of NLRP3 inflammasome molecules were positively correlated with each other, whereas a decreased extent of correlation was identified in the CR group. These data suggest that the NLRP3 inflammasome plays a role in the pathology of AML in the BM microenvironment. In PBMCs, aberrant NLRP3 inflammasome protein expression levels were also identified in ND patients, but there was no significant difference in BMMCs. AML is a disease originating from the BM; the clinical symptoms of AML become apparent in the BM first, and after a period of time, are demonstrated in the peripheral blood ([@b14-ol-0-0-7177]). This may explain the difference between the results for BMMCs and PBMCs.

The result in PBMCs suggested that the expression of the NLRP3 inflammasome molecules NLRP3, ASC and caspase-1 were positively correlated with each other in ND and CR patients, whereas in controls, only a positive correlation between NLRP3 and ASC was identified. Additionally, the expression levels of the effective cytokines IL-1β and IL-18 were observed to be positively correlated with the levels of NLRP3 inflammasome molecules in ND and CR patients with AML. However, in controls, no correlation between NLRP3 inflammasome molecules and the effective cytokines was identified.

AHR has been hypothesized to negatively regulate the NLRP3 inflammasome by inhibiting the transcription of NLRP3 ([@b17-ol-0-0-7177]). The results of the present study suggested that the relative AHR expression level differed between BMMCs and PBMCs. In BMMCs, AHR was found to be markedly elevated in ND patients when compared with CR patients. Furthermore, the AHR expression level was positively correlated with the level of NLRP3 inflammasome molecules in the BMMCs and PBMCs of patients with AML. A balance must be maintained between the activation and inhibition of the inflammasome to avoid detrimental effects ([@b17-ol-0-0-7177]). The abnormally elevated expression of AHR and NLRP3 may contribute to the pathogenesis of AML.

AHR serves a critical role in the regulation of the immune response, including in the innate and adaptive immune responses ([@b16-ol-0-0-7177]). Emerging evidence suggests that AHR expression level is correlated with the differentiation of Th subsets ([@b29-ol-0-0-7177]). Negishi *et al* demonstrated that AHR participated in the modulation of the Th1/Th2 balance *in vivo* ([@b30-ol-0-0-7177]). Accumulating reports have also demonstrated that AHR serves a pivotal role in the development of autoimmune disorders, including inflammatory bowel diseases, RA and systemic lupus erythematosus by impairing the balance of Th1, Th17 and regulatory T cells (Tregs) ([@b31-ol-0-0-7177]--[@b33-ol-0-0-7177]). Moreover, emerging studies have demonstrated that the activation of AHR aberrantly induced Th17/Tregs though prompting the generation of Tregs and suppressing Th17 cells ([@b34-ol-0-0-7177]). Quintana *et al* ([@b35-ol-0-0-7177]) demonstrated that AHR modulated the differentiation of Tregs and Th17 in a ligand-specific manner. AHR activation by its ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin, induces functional T(reg) cells, however, AHR activation by 6-formylindolo \[3,2-b\] carbazole promotes T(H)17 cell differentiation and accelerates the severity of experimental autoimmune encephalomyelitis in animal experiments ([@b35-ol-0-0-7177]). The result of the present study revealed that AHR expression in BMMCs from ND patients with AML was markedly increased compared with CR patients.

Previous studies have demonstrated that imbalanced Th subsets were involved in the pathologies of hematological malignancies ([@b1-ol-0-0-7177],[@b14-ol-0-0-7177]). The present study has identified that Th22 in PB was markedly increased in ND patients compared with CR patients or controls. The frequency of Th1 cells was also reduced in ND patients. Therefore, we hypothesize that the expression of AHR in patients with AML may result in the aberrant Th subsets.

Tregs serve a key role in the maintenance of immune homeostasis and are elevated in tumors ([@b36-ol-0-0-7177],[@b37-ol-0-0-7177]). In a previous study, Tregs were observed to be at an increased level in an ND group compared with a CR group although the mechanism was unclear ([@b2-ol-0-0-7177]). In a mouse model, it was identified that DC-derived IL-18 promoted the differentiation of T cells towards CD4+CD25+ Tregs ([@b38-ol-0-0-7177]). The result of the present study demonstrated that IL-18 was increased in ND patients with AML, which may facilitate the polarization of Tregs. Tregs in patients with AML may have suppressed the immune response and promoted the development of AML.

A recent study associated the NLRP3 inflammasome with Th differentiation. Peelen *et al* identified that inflammasome activity promoted naive CD4+ T-cell differentiation into pro-inflammatory subsets, particularly Th17 ([@b39-ol-0-0-7177]). Th22 is a newly identified Th subset that is associated not only with the immune response, but also inflammation. It was recently demonstrated that Th22 may also be involved in the pathogenesis of a number of tumor types, including HCC ([@b40-ol-0-0-7177]) and cervical cancer ([@b41-ol-0-0-7177]). In the present study, it was identified that the relative proportion of Th22 was significantly higher in ND patients than in CR patients and controls. Furthermore, AHR expression level was positively correlated with NLRP3 inflammasome molecule expression level, and the associated cytokines IL-1β and IL-18, in patients with AML. The results suggest that aberrant NLRP3 inflammasome protein and AHR expression may influence the differentiation of Th subsets in the development of AML.

In conclusion, the results of the present study suggested that the NLRP3 inflammasome, which was associated with AHR, played a role in the pathogenesis of AML, contributing to the imbalance of Th subset proportion. Based on this observation, targeting the NLRP3 inflammasome may be considered as a novel potential treatment option against AML. Further studies are awaited in order to clarify the specific role and mechanism of the NLRP3 inflammasome in the immunopathology of AML.
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![Relative NLRP3 inflammasome molecule (NLRP3, ASC, caspase-1) mRNA expression. A significantly increased expression level of (A) NLRP3, (B) ASC and (C) caspase-1 mRNA in BMMCs was observed in ND patients compared with CR Patients with AML. (D) In PBMCs, the expression of ASC in the ND group was elevated compared with the CR and control groups. (E) No significant difference in NLRP3 expression between ND patients, CR patients and normal controls was identified in PBMCs. (F) The expression of caspase-1 in ND patients was markedly decreased relative to the CR and control groups in PBMCs. \*\*\*P\<0.001. NLRP3, NLR family pyrin domain-containing 3; ASC, apoptosis-associated speck-like protein; BMMCs, bone marrow mononuclear cells; ND, newly-diagnosed; CR, complete remission; AML, acute myeloid leukemia; PBMCs, peripheral blood mononuclear cells.](ol-14-06-7031-g00){#f1-ol-0-0-7177}

![Relative NLRP3 inflammasome-associated molecule (IL-18 and IL-1β) mRNA and protein level. (A) The IL-18 mRNA level in BMMCs was significantly higher in the ND group than in the CR group. (B) IL-1β mRNA levels were elevated in ND patients compared with CR patients in BMMCs; however, no statistical significance was identified. (C) IL-18 mRNA level in PBMCs was significantly higher in the ND group than in the CR and control groups. (D) IL-1β mRNA was increased in the ND and CR groups compared with normal controls in PBMCs; however, no statistical significance was identified. (E) The level of IL-18 in PB plasma was markedly increased in ND patients compared with CR patients and controls. \*\*\*P\<0.001. NLRP3, NLR family pyrin domain-containing 3; IL, interleukin; BMMCs, bone marrow mononuclear cells; ND, newly diagnosed; CR, complete remission; PBMCs, peripheral blood mononuclear cells; PB, peripheral blood.](ol-14-06-7031-g01){#f2-ol-0-0-7177}

###### 

Correlation between the mRNA expression of NLRP3 molecules and cytokines. (A) The mRNA expression of NLRP3 inflammasome molecules in PBMCs and effector cytokines in PBBCs were positively correlated in ND patients. Additionally, PBBC IL-1β mRNA levels demonstrated a positive correlation with IL-18. NLRP3, NLR family pyrin domain-containing 3; PBMCs, peripheral blood mononuclear cells; ND, newly diagnosed; IL, interleukin; CR, complete remission; ASC, apoptosis-associated speck-like protein; BMMCs, bone marrow mononuclear cells. Correlation between the mRNA expression of NLRP3 molecules and cytokines. (B) In the PBMCs of CR patients, the NLRP3 mRNA level was positively correlated with ASC and IL-1β mRNA level. The relative level of ASC mRNA was positively correlated with caspase-1 and IL-18 mRNA levels. (C) In the PBMCs of controls, a positive correlation between NLRP3 and ASC relative mRNA expression was identified. NLRP3, NLR family pyrin domain-containing 3; PBMCs, peripheral blood mononuclear cells; ND, newly diagnosed; IL, interleukin; CR, complete remission; ASC, apoptosis-associated speck-like protein; BMMCs, bone marrow mononuclear cells. Correlation between the mRNA expression of NLRP3 molecules and cytokines. (D) In BMMCs of ND patients it was identified that NLRP3 expression level was positively correlated with ASC and caspase-1, and that ASC expression was positively correlated with the caspase-1 mRNA level. IL-18 mRNA in BMMCs was positively correlated with the relative ASC mRNA level. IL-1β and IL-18 mRNA levels were positively correlated with the caspase-1 mRNA level. The IL-1β level was also positively correlated with the level of IL-18 mRNA. (E) In the BMMCs of CR patients, the only significant positive correlation to be identified was between ASC and caspase-1 mRNA levels. NLRP3, NLR family pyrin domain-containing 3; PBMCs, peripheral blood mononuclear cells; ND, newly diagnosed; IL, interleukin; CR, complete remission; ASC, apoptosis-associated speck-like protein; BMMCs, bone marrow mononuclear cells.
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![Relative Th subset proportion and expression level of the Th-associated molecule AHR. (A) The frequency of Th22 was increased in ND patients relative to CR patients and normal controls. (B) The relative proportion of the Th1 subset was decreased in ND patients compared with the CR group and controls; however, no statistical significance was identified. (C) No significant difference in relative AHR expression in PBMCs was identified between the ND, CR and control groups. (D) In BMMCs, AHR was markedly increased in the ND group compared to the CR group. Th, T-helper cells; AHR, aryl hydrocarbon receptor; ND, newly diagnosed; CR, complete remission; PBMCs, peripheral blood mononuclear cells; BMMCs, bone marrow mononuclear cells.](ol-14-06-7031-g05){#f4-ol-0-0-7177}

###### 

Correlations between NLRP3-related molecules and the Th-associated molecule AHR. (A) In the ND group, NLRP3, caspase-1 and IL-1β mRNA levels were positively correlated with AHR expression in the BM. (B) In CR patients, caspase-1 and IL-1β mRNA level were positively correlated with the relative level of AHR mRNA in the BM. (C) In ND patients, the expression of NLRP3, ASC, caspase-1, IL-18 and IL-1β mRNA were positively correlated with the relative AHR mRNA level in PBMCs. NLRP3, NLR family pyrin domain-containing 3; Th, T-helper cell; AHR, aryl hydrocarbon receptor; ND, newly diagnosed; IL, interleukin; CR, complete remission; ASC, apoptosis-associated speck-like protein; PBMCs, peripheral blood mononuclear cells. Correlations between NLRP3-related molecules and the Th-associated molecule AHR. (D) In PBMCs of the CR group, the levels of all NLRP3 inflammasome molecule and effector cytokine mRNA levels were positively correlated with the relative AHR mRNA level. (E) In the control group, the AHR level was observed to be negatively correlated with the caspase-1 mRNA level in PBMCs. NLRP3, NLR family pyrin domain-containing 3; Th, T-helper cell; AHR, aryl hydrocarbon receptor; ND, newly diagnosed; IL, interleukin; CR, complete remission; ASC, apoptosis-associated speck-like protein; PBMCs, peripheral blood mononuclear cells.
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![Correlations between the relative levels of NLRP3 inflammasome-associated molecules and clinical characteristics. The expression of IL-18 was (A) negatively correlated with the level of serum albumin and (B) positively correlated with the serum level of LDH in ND and CR patients. Significantly positive correlations between the relative mRNA levels of the NLRP3 inflammasome molecules \[(C) NLRP3, (D) ASC, (E) IL-1β, (F) IL-18, (G) AHR\] and WBC count were identified in the ND group. NLRP3, NLR family pyrin domain-containing 3; IL, interleukin; LDH, lactate dehydrogenase; ND, newly diagnosed; CR, complete remission; ASC, apoptosis-associated speck-like protein; AHR, aryl hydrocarbon receptor; WBC, white blood cell.](ol-14-06-7031-g09){#f6-ol-0-0-7177}

![Differences in the mRNA expression level between patients at ND and following CR. (A) The expression of IL-18 mRNA in PBMCs was decreased significantly once patients achieved CR. (B) The relative level of caspase-1 mRNA was markedly increased once ND patients achieved CR. ND, newly diagnosed; CR, complete remission; IL, interleukin; PBMCs, peripheral blood mononuclear cells.](ol-14-06-7031-g10){#f7-ol-0-0-7177}

###### 

Clinical characteristics of patients with AML and controls.

  Characteristics                                  ND                  CR                 Controls
  ------------------------------------------------ ------------------- ------------------ ------------------
  Total                                            90                  79                 28
  Age range, years                                 14--75              14--75             20--60
  Gender, female/male                              42/48               31/48              13/15
  Serum levels, g/l                                                                       
    Albumin                                        38.11±5.32          43.30±4.26         --
    Globulin                                       26.00±4.90          26.76±4.59         --
    Total protein                                  64.11±6.32          70.11±5.99         --
  Cell counts                                                                             
    White blood cells, median, range; ×10^12^/l    17.11, 0.4--218.2   4.98, 1.9--14.7    5.10, 4.13--10.0
    Red blood cells, median, range; ×10^12^/l      2.50, 1.26--4.55    3.73, 2.06--5.13   3.50, 3.20--5.5
    Platelets, median, range; ×10^9^/l             35, 4--492          269, 49--731       307, 105--410
    Lactate dehydrogenase, median, range; U/l      492, 152--2,906     182, 98--459       --
  French-American-British classification subtype                                          
    M1                                             1                   1                  N/A
    M2                                             5                   4                  N/A
    M3                                             20                  27                 N/A
    M4                                             12                  8                  N/A
    M5                                             47                  38                 N/A
    M6                                             5                   1                  N/A

AML, acute myeloid leukaemia; ND, newly diagnosed patients; CR, complete remission patients.

###### 

Primer sequences.

  Gene     Forward, 5′-3′            Reverse, 5′-3′
  -------- ------------------------- ------------------------
  AHR      CAAATCCTTCCAAGCGGCATA     CGCTGAGCCTAAGAACTGAAAG
  NLRP3    CAGACTTCTGTGTGTGGGACTGA   TCCTGACAACATGCTGATGTGA
  ASC      TGGATGCTCTGTACGGGAAG      CCAGGCTGGTGTGAAACTGAA
  CASP-1   AAATCTCACTGCTTCGGACATG    GGAACTTGCTGTCAGAGGTCTT
  IL-18    GCTTGAATCTAAATTATCAGTC    GAAGATTCAAATTGCATCTTAT
  IL-1β    ATGATGGCTTATTACAGTGGCAA   GTCGGAGATTCGTAGCTGGA

AHR, aryl hydrocarbon receptor; NLRP3, nucleotide-binding and oligomersization domain-like receptor family pyrin domain-containing 3; ASC, apoptosis-associated speck-like protein; CASP-1, caspase 1; IL, interleukin.
